Sy

f:}|\m ABEX

Ad ced Biological a d

onmental X-Ray Spectroscopy

Emission Spectra, Soft X-rays,
and Metal Clusters in Biology

Simon J. George

Lawrence Berkeley National Laboratory
Berkeley, CA

ALS Photon-in Photon-out Workshop October 22, 2005



Metal Clusters in Biology

MoFe Center

CO + H,O— CO, + 2H* + 2e°
NiFe C-cluster in CODH

O, + 4H* + 4&¢ —» 2H,0

Cu-Fe Site in
Cytochrome Oxidase

A" P-cluster

* (Catalyze many fundamental life and
environmental processes

H, — 2H* + 2¢°

* Involved in 30% of all enzymes Fe Hydrogenase H-cluster

ALS Photon-in Photon-out Workshop October 22, 2005



MoFe Nitrogenase

* Enzymatic reduction of Dinitrogen
* Bacterial enzyme - soil, root nodules
* Processes 3 x 10!! kg/year worldwide

* N=N : bond dissociation enthalpy
= 945 kJmol-!

* Unknown mechanism

°* MoFe Center can be extracted
info N-methyl Formamide (NMF)
= FeMoco

VA 7 P-cluster

-

e N,+8H* +8e + 16MgATP —» 2NH; + H, + 16MgADP +16P,
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The MoFe Center : Approaches

(Mossbauer) \

Infrared

/ Resonance Raman
(vibrational)

— NRVS
REXS (vibrational)
is a442 \ O "\
YO \
€ NMR
Soft X-ray XAS/ fyff homocitrate V\ ( )
& XMCD
T (Crystallography)

(Site Directed Mutagenesis)
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X-ray Spectroscopy of FeMoco

/_\—J\J :[ i HA (%Oc_qs a275
1 I / \/35
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| Fcy v \
/\j 1 " HA C<J tw 5
II 1 C

Ib = Mo/
| | | His o442 k\ O -
-1.40 -0.95 -0.35 ) &3
V versus SCE oy’ lomoctrate
4
* Reductions I and IT ~—* Fe Core Nitrogenase MoFe
Reduction III = Mo Site Center

(Pickett et al (2003) Chem Eur J 76-87)

* Study with Mo M-edges, Fe L-edges,
S L-edges
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Mo KB Emission Spectroscopy

KB,

MoO,* —
—_— LUMO
Mo 4d e
Kp, Mo 4d tyg
KBH HOMO — OQp?T
Kbs [ ] O2p0
KBs —
WM‘\-M \AKBz ?
L S ‘// \M i Mo 4p
l L 1 1 L
19600 19700 19800 19900 20000 Kp, | —— O2o
Energy (eV)
* KBI'3 : Mo Zp, KBZ: Mo 4p, KB5 : Mo 3d L Kg"
- insensitive to chemical environment
o KB4:MO4d/02p M01Sv_'

KR : O 2s
- sensitive to chemical environment
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Mo KB Emission Spectroscopy

Arbitrary Intensity

L I L I 1 I 1 I L
19920 19940 19960 19980 20000 20020

Energy (eV)

\

— Mo=0

/

Mo-O ( ;X) Energy (eV) Emission rate
Species KB4 Kp" KB/ KB, Kp"/KB,
Mo Foil 19997.0 — 00125 -
MoO(S,CNEL), 1664 199974 199817  0.0109 00118
MoO,(S.CNEL), 1.703 199986 199838 00162 0.0135
K:MoO, 1.763 199993 199844  0.0160 0.0164

KB” - crossover in MoO compounds
- O 2s character

potential probe of bond length and ligand
type
KB” normalized intensity ~ Mo-O bond
length

C.J. Doonan et al. (2005) Inorg. Chem 44, 2579-2581
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Mo Emission Spectroscopy - Where Next?

* More model work - better understand valence behavior

* Proteins:

- Nitrogenase
- Mo Hydroxylases (Xanthine Oxidase, Aldehyde Oxidase)

* Higher order edges
- Mo L (2.5keV)
- Mo M (Soft x-ray)
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Fe KB Emission of H-cluster Models

n.

Fe,(SCH,),CO,
Fe,[(SCH,),N'Bu]CO,
Fe,[(SCH,),NHICO,

Fe,(SCH,),(CN),(CO),

—Fe0,

Intensity (a.u.)

1 I I Pl
7030 7040 7050 7060 7070 7080
Energy (eV)

H, —> 2H* + 2¢

Fez(SCHz)Q(CO)6
Fe,(SCH,).N'Bu(CO) _
FeASOHONHICO), " | Fe Hydrogenase H-cluster
Fez(SCHz)z(CN)A(CO)L
FeZO3

Intensity (a.u.)

* KB’ - sensitive Fe(I)
* Interesting Valence Region

7080 7090 7100 7110 7120
Energy (eV)

Y. 6uo, S.J.George, S.P.Cramer unpub

ALS Photon-in Photon-out Workshop October 22, 2005



Biological Soft X-ray Spectroscopy at
ALS 4.0.2 (ABEX)

* L-edge XAS
" Fluoresence Detected - 36+ element STJ (10 eV resolution)
- 30 element Ge ( ~160 eV)
* L-edge XMCD
" Paramagnetic Experiment - need 6 T, 2 K etc
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Biological Soft X-ray Spectroscopy at
ALS 4.0.2 (ABEX)

* L-edge XAS
" Fluoresence Detected - 36+ element STJ (10 eV resolution)
- 30 element Ge ( ~160 eV)
* L-edge XMCD

" Paramagnetic Experiment - need 6 T, 2 K etc

(Soft X-ray Emission Spectroscopy)

Related Techniques
= EXAFS, RIXS, NRVS
= Infrared, EPR, Resonance Raman
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Fe L-edge
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7@ oy
\
[.xFe
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Fe § d Fe
} O
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Cys'J S ¥s

Fe(III) - Fe(III)
5=0

V
Fe(III) - Fe(II)
S=1/2

* [2Fe-2S] - XMCD on Fe(III) side

Normalized Intensity

........ e o o SIS
I 1708.4 eV T

- | (a)Fe(lll)Rd : S=5/2]
! Fe(ll)Rd : S=2

(b) reduced 2F¢

L 2.2K, 6 Tésla

710 720
Energy [eV]

2Fe(III) - 2Fe(IT)
5=0

v
Fe(III) - 3Fe(IT)
S=1/2

or
5=3/2

BUT S=3/2 smaller XMCD than S=1/2 (1)
* Analysis with LMFT + Spin Hamiltonian

Normalized Intens

ity

XAS and XMCD of FeS Proteins

....... e L = o M
| 707.7 eV

(a) D14C : S=1/2]

| 22K, 6 T;esla
700 710 720
Energy [eV]

. [4Fe-4S] - Fe(II),
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Fe L-edge XAS and XMCD of FeS Proteins

Normalized Intensity
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L 2.2K, 6 Tésla

(@) Fe(llh Rd : S:5/2':

(b) reduced 2F¢

Energy [eV]

708.8

708.6

~
o
©
i

708.2

ge Centroid (eV)

708

L -ed
3

707.8

707.6

——Fe-S centroid 4Fe(lll) mods! 4 102
r Rd ox. -
B
403 S
«Q
- HIPIP ox o
=
404 &
4
[on
i £2Fe Fd red. 2
4Fe Fd A33Y ¢ / HiPIP red. o5 2
4Fe Fd D14C S
- s
3
406 3
L &

IRd red: B Mossbauer shift || 0.7

1.8 2 22 24 26 28 3 3.2

Fe average valence

Empirical Measurement of FeS Fe(III):Fe(II) Ratio
(redox state) from L, centroid.

C. Piamonteze, S.J.George, S.P.Cramer unpub
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CODH - Carbon Monoxide Dehydrogenase

B C-Cluster C*-Cluster
B’-Cluster B-Cluster C-ox
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D
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Ni L-edge XAS

T T T T T L O O B e e B
Ni(ll) - I_'_Niigl"s) T
Ni(ll) DAPA-(SePh)_ 0.80 | High Spin 1 Spin
= ]
2 o075 :
g Ni(Iv) |
> Ni(l) ”k 1
'_E 0.70 - < (/ j
Low-Spin Ni(ll) o \ =)
LFMT Calculation g N/
o0
A 0.65 - Ni(lir) -
Low Spi
| Il Ni(l) - ow Spin
Low Spin
! ! ! ! 1 1 rirn i llnn i (nn e i e (i n 0.60 |- | | | | ]
850 855 860 865 870 875 845 850 855 860 865 870 875 880 852 853 854 855 856
Energy (eV) Energy (eV) L3 Absorption Centroid (eV)

* LMFT (Ligand Field Multiplet Theory) —> symmetry, 10Dq etc
* Peak position — oxidation state

* Branching ratio — spin-state

* Correlation Diagram

* XMCD - Paramagnetism
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Sof’r XAS of CODH C-cluster

| C-red2 : L edgeXAS andXMCD
C-ox
Pyl
®
o
C-red1 &
=
L i o
(©) +CO C-int -
- +X-rays- L
C-red2 v
(d) Cred2
1 846 B48 850 852 854 856 856 860 C-CO (?)
o b o BE— Energy (eV)
850 860 870 880 890
Energy (eV)
* NiI(II)
* Follow spin-state and (lack of) oxidation
state changes. ™
*  XMCD selects paramagnetic components d N

C. Piamonteze, S.J.George, S.P.Cramer unpub

ALS Photon-in Photon-out Workshop October 22, 2005



Ni L-Emission Spectra

Emission Spectra of Ni(II)DCB at Resonant

Emission Spectra of NiO at Resonant Emission Spectra of Ni(II, LS) dithilene at
and Non-resonant Excitations and Non-resonant Excitations Resonant Excitations
889.4 eV
889.4 eV
ol 854.4 eV
854.4 eV
854.9 eV
854.4 eV 853.6 eV
853.6 eV
853.6 eV
852.8 eV
852.8 eV 852.8 eV
840 843 %50 855 860 340 T3 350 5 "%0 840 843 %50 855 860
Emission Energy (eV) Emission Energy (eV) Emisssion Energy (eV)
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Soft X-ray Spectroscopy of FeMoco

I J
I

-1.40 -0.95 -0.35
V versus SCE

* Study with Mo M-edges, Fe L-edges,

S L-edges

* But what about the central atom ..... .

His a442

homocitrate

Nl’rr'ogenase MoFe
Center
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FeMoco : Nitrogen K-edges

5
L * FeMoco - active center of
e Nitrogenase.
"E- * Proposed to contain interstitial
g g Nitrogen atom.
1 * (FeMoco prepared in acetone -
i . . not N-methylformamide.)
390 400 410 420
X-ray Energy (eV)
Q awaars * N K-edge of [Fe6N(CO)15]3
kT | ' has 2 sharp bands.
C\/“\»s s *  Analogous bands in FeMoco
% i/ Y % edge on photoreduction.
<ﬂl\\ Y E * N K-edge EXAFS should reveal
C%\l//\) g ] any shell of 6 Fe-atoms.
2T 0 . ,
é 390 400 410 420
FeMoco ey Eneray (€4 S.J.Georgeet al. unpub
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The Future

= Soft X-ray emission - at least on model systems
=  Transition metals
= Light element K-edges

= If beamline and analyzer mono resolution can be high enough
- Resonance enhanced x-ray Raman Spectroscopy = site specific
vibrational technique.
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